Newcastle disease virus {NDV (avian paramyxovirus type 1 [APMV1])} isolates were recovered from imported exotic birds confiscated following importation into the United States, from waterbirds in the United States, and from poultry. The exotic birds probably originated from Central and South America, Asia, and Africa. The NDV isolates were initially characterized as highly virulent because of a short mean death time in embryonated chicken eggs. The isolates were typed as neurotropic or viscerotropic velogenic by intracloacal inoculation of adult chickens. Intracerebral pathogenicity index values for the virulent NDV isolates ranged from 1.54 to 1.90, compared to a possible maximum value of 2.0. These isolates had a dibasic amino acid motif in the fusion protein cleavage site sequence required for host systemic replication. Sequence differences were detected surrounding the fusion protein cleavage site and the matrix protein nuclear localization signal, indicating evolution of highly virulent NDV. Phylogenetically, these isolates were categorized with other highly virulent NDV strains that caused outbreaks in southern California poultry during 1972 and in cormorants in the north central United States and southern Canada during 1990 and 1992. These isolates are related to NDV that may have the APMV1 strain chicken/Australia/AV/32 or a related virus as a possible progenitor. Recent virulent NDV isolates and those recovered during disease outbreaks since the 1970s are phylogenetically distinct from current vaccine viruses and standard challenge strains.
Outbreaks of Newcastle disease were first reported in poultry from Java, Indonesia, and Newcastle-upon-Tyne in 1926, and the disease is now recognized worldwide (3) . It is caused by Newcastle disease virus (NDV), a member of the family Paramyxoviridae, designated avian paramyxovirus 1 (APMV1). The enveloped virus has a negative-sense single-stranded genome of approximately 15 kb which codes for an RNAdirected RNA polymerase, hemagglutinin-neuraminidase protein, fusion protein, matrix protein, phosphoprotein, and nucleoprotein (3) . The virus has a wide host range, with 27 of the 50 orders of birds reported to have been infected by NDV (21) . Infectious virus may be transmitted by ingestion or inhalation, which is the basis of mass application vaccination procedures for poultry (27) . NDV isolates are characterized by pathogenesis in chicken and may be categorized into three main pathotypes, depending on severity of disease (2, 3) . Lentogenic isolates are of low virulence and cause mild respiratory or enteric infections. Viruses of intermediate virulence that cause primarily respiratory disease are mesogenic, while virulent viruses that cause high mortality are velogenic. Velogenic forms of NDV are further classified as neurotropic or viscerotropic based on clinical manifestation (3) and are "list A" agents that require reporting to the Office of International Epizootes (29) .
The primary molecular determinants for NDV pathogenicity are the fusion protein cleavage site amino acid sequence (16, 28) and the ability of specific cellular proteases to cleave the fusion proteins of different pathotypes (17, 30) . Dibasic amino acids surrounding glutamine at position 114 are present in the fusion protein cleavage site of mesogenic or velogenic strains, while lentogenic NDV isolates lack this motif (16, 28) . The presence of dibasic amino acids in the fusion protein sequence allows for systemic spread of velogenic NDV, whereas replication of lentogenic NDV is limited to mucosal surfaces of the host (30) . This is also the major factor in differentiating velogenic and mesogenic NDV from lentogenic NDV isolates in cell culture. All NDV isolates will replicate in chicken embryo kidney cells (23) , presumably because of the presence of a required protease (30) . However, lentogens must have added proteases for replication in avian fibroblasts or mammalian cell types, whereas mesogenic and velogenic NDV isolates do not have this requirement (22, 23, 28) .
Viscerotropic velogenic viruses have entered the United States via importation of exotic birds (9, 15, 31, 39) , and a virus of psittacine origin caused the early 1970s outbreak in the southern California area (44, 45) . During 1990 and 1992, cormorants in the north central United States and southern Canada developed widespread Newcastle disease attributed to neurotropic velogenic viruses (6, 18, 37, 46) . Previously we used a set of degenerate oligonucleotide primers for consistent single-tube reverse transcription-PCR (RT-PCR), followed by direct automated nucleotide sequencing of the amplified product. Subsequent phylogenetic analysis allowed for reliable pathotype prediction and was used to determine the molecular epidemiology of Newcastle disease (37) . These techniques were used to demonstrate that virulent cormorant iso-lates from the 1990 and 1992 outbreak were possibly related to isolates of psittacine origin (37, 38) .
Viscerotropic velogenic NDV isolates from imported exotic birds (9, 31) and poultry were provided by the Diagnostic Virology Laboratory, National Veterinary Services Laboratory, Animal Plant Health Inspection Service, U.S. Department of Agriculture, Ames, Iowa (DVL, NVSL, APHIS, USDA). Fourteen of these isolates obtained during 1986 through 1996 were used for further characterization (Table 1) . Several NDV isolates used for comparative purposes included pathogenic (neurotropic velogenic) NDV isolates obtained from cormorants during outbreaks in 1992 (originally provided by the National Wildlife Health Research Center, Madison, Wis.) (6, 46) . Subsequently, neurotropic velogenic NDV was isolated from turkeys (turkey/U.S./43084/92) in a commercial flock in North Dakota (37) . Viscerotropic velogenic isolates from psittacines (cockatiel/U.S./FL/80 and mixed species/U.S./Largo/ 71) (8, 10, 14) and an NDV isolate made during the 1972-1974 outbreak of Newcastle disease in California (chicken/U.S./ CA1083/72) (44) were also included for analysis. Strains chicken/U.S./B1/48 (19) and chicken/Australia/QV4/66 (40) were included as lentogenic vaccine-type viruses used by the poultry industry worldwide. Two mesogenic isolates of intermediate virulence included for sequence analysis were the vaccine strain chicken/U.S./Roakin/48 (7) and an anhinga isolate (anhinga/U.S./44083/93) from a captive population (DVL, NVSL, APHIS USDA). Velogenic viruses also included were previously characterized isolates, such as the viscerotropic velogenic chicken/U.K./Herts/33 (4), neurotropic velogenic chicken/Australia/AV/32 (1, 26) , and chicken/U.S./GB/48 (35, 36) isolates. Initial characterization of all viral isolates was accomplished by hemagglutination inhibition (HI) with NDV-specific polyclonal antisera. Virulence of NDV isolates was evaluated by intracloacal inoculation of chickens and determination of an intracerebral pathogenicity index (ICPI) (2) .
For nucleotide sequence analysis, NDV isolates were replicated in embryonated eggs (2), and RNA was extracted (11) directly from allantoic fluid as described previously (37) . Oligonucleotide RT-PCR primers designed to amplify regions of the fusion protein gene, including the fusion protein cleavage site (43) and the matrix protein gene (38) region encoding the nuclear localization signal of the matrix protein (12), were reported previously (37) . A single-tube RT-PCR for genomic NDV RNA was completed as described previously (25, 37) , with Superscript (Life Technologies, Gaithersburg, Md.) (24) and Amplitaq (Perkin-Elmer) polymerase (32) . Amplification products were purified with Microcon (AMICON) spin filters and spectrophotometrically quantified. Direct double-stranded nucleotide sequencing (34) was completed with Taq polymerase (Applied Biosystems, Inc.) with the oligonucleotide primers used for RT-PCR, fluorescence-labelled dideoxynucleotides, and an automated nucleic acid sequencer (41) . Nucleotide sequence editing, analysis, prediction of amino acid sequences, and alignments were conducted with GeneWorks 2.5 software (IntelliGenetics, Mountain View, Calif.). The phylogenetic analysis presented was completed with the Phylogenetic Analysis Using Parsimony (PAUP) (42) software with a heuristic search and 1,000 bootstrap replicates.
Listed in Table 1 are NDV isolates from imported pet and exotic birds for which ICPI values and nucleotide and amino acid sequence information have been obtained. Several reference isolates along with viruses from poultry and waterbirds were included for comparative purposes. As best as could be determined, the recently recovered isolates were from birds having origins in Central and South America, Asia, and Africa. Many of these birds were quarantined prior to direct entry into the United States. However, several viruses were obtained from birds following importation into the United States. These viruses have the state of origin within the United States in which they were isolated designated in parentheses. A variety of birds, including parrots, parakeets, cockatiels, partridges, finches, and a timneh, harbored NDV. The virus isolates chosen for analysis were obtained prior to and following the 1990-to-1992 Newcastle disease outbreaks in cormorants and turkeys (37) and were chosen to represent the period from 1989 through 1996 to chronologically surround these outbreaks.
Initial biological characterization of the NDV isolates included mean death time determinations in embryonated chicken eggs and intracloacal inoculation of chickens. All virulent viruses produced a mean death time in embryonated chicken eggs of less than 60 h, indicating these viruses were probably highly pathogenic for chickens. Intracloacal inoculation of chickens revealed that the majority of velogenic NDV isolates from exotic birds produced viscerotropic lesions (Table 1) . However, a velogenic virus, parrot/U.S./27994/91, was isolated from a psittacine bird, and another velogenic virus, finch/Tanzania/6324/95, was isolated that produced neurologic symptoms following intracloacal inoculation of chickens. Values following determination of an ICPI ranged from 1.71 to 1.90 for highly virulent NDV isolates (Table 1) . These values conform to results obtained with standard challenge viruses such as the neurotropic isolate chicken/U.S. (Tex.)/GB/48 (ICPI of 1.74) and the viscerotropic isolate chicken/U.S./CA1083 (Fon- Alignments of predicted amino acid sequences encompassing the matrix protein nuclear localization signal were completed following computer translation of nucleotide sequences from the NDV matrix protein gene amplification products (Fig. 2) . Several characteristic amino acid substitutions occur in the matrix protein indicative of NDV isolates from the United States recovered prior to 1950. These include an Rfor-K substitution at positions 217 and 247, the T-for-S substitution at residue 243, and an S-for-R substitution at position 263. Residue 259 located within the nuclear localization signal appears to be highly variable with primarily charged amino acids located at that position. At position 229, a G-for-S substitution is shared by the cormorant/U.S./40068/92 and turkey/ U.S./43804/92 isolates with the anhinga/U.S./44083/93 isolate.
Following alignment, contiguous nucleotide sequence information from the fusion protein and matrix protein gene amplification products was used to determine phylogenetic relationships among the NDV isolates presented in Table 1 . Using maximum parsimony analysis, two major phylogenetic clades of NDV isolates were delineated (Fig. 3) . All of the virulent velogenic NDV isolates obtained from 1989 to 1996 were related to chicken/Australia/AV/32 and chicken/UK/Herts/33 as possible progenitor-type viruses. Recent NDV isolates highly virulent for chickens are all related to viruses considered exotic to North America. This includes chicken/U. 3 . Phylogenetic relationships of NDV isolates based on nucleotide sequences from a portion of the fusion protein and matrix protein genes. Amplification products with NDV RNA used as a template for RT-PCR were directly sequenced, and a phylogenetic tree was generated by parsimony analysis of the aligned contiguous nucleotide sequences. Numbers represent bootstrap confidence levels following 1,000 replications.
the United States prior to 1970 contain only neurotropic viruses and are not phylogenetically related to NDV obtained since the chicken/U.S./CA1083 (Fontana)/72 isolate was isolated. Phylogenetic relationships among NDV isolates correlate well with observed sequence differences surrounding the fusion protein cleavage site (Fig. 1) and matrix protein nuclear localization signal (Fig. 2) .
Previously we reported the use of degenerate oligonucleotide primers for amplification of nucleotide sequences from the genomes of divergent NDV isolates. The same primers were used to directly sequence the amplified products, and phylogenetic analysis was used to categorize NDV isolates (37) . Two major phylogenetic branches of NDV isolates were identified (37) that conform to data obtained when simple distance matrix analysis is used (33, 43) . Velogenic viruses obtained from exotic and other avian species since 1986 were primarily viscerotropic, with high ICPI values proving they are highly virulent for chickens. These viruses have entered the United States via importation of pet and exotic birds (9, 15, 31, 39) , and a psittacine origin NDV isolate was epidemiologically linked to the major outbreak in southern California during the early 1970s (44, 45) . These viruses group in a clade with chicken/ Australia/AV/32 as the earliest reported isolate and include viruses isolated from birds in Mexico during 1996. Also, outbreaks of Newcastle disease in Taiwanese domestic poultry during 1995 were caused by viscerotropic velogenic NDV phylogenetically related to viruses in the chicken/Australia/AV/32 clade. It was suggested that both domestic and free-living birds were a source of virulent viruses in Taiwan (47) .
Several amino acid sequence differences surrounding the fusion protein cleavage site and matrix protein nuclear localization signal were detected that correlate with the phylogenetic data. These included a V-for-I substitution at residue 118 within the fusion protein cleavage site sequence of velogenic NDV isolates obtained after 1972. As reported previously, the fusion protein cleavage site sequence from cormorants from the 1992 outbreak (18, 37) resembles the sequence from Republic of Ireland isolates causing disease in poultry during 1990 (5, 13). The matrix protein nuclear localization signal position 259 was again identified as a hypervariable site (37) . This variability exists despite its location within a sequence required for matrix protein transport to the nucleus (12) . Identification of several shared changes within the fusion protein and matrix proteins among virulent isolates is consistent with the quasispecies nature of RNA viruses (20) . These differences occurred among virus isolates from a variety of birds with different geographic origins and indicate that multiple lineages of virulent NDV isolates are circulating among domestic, pet, and wild birds. This is particularly important, because some exotic species may harbor velogenic NDV isolates for extended periods of time (14) . Consequently, highly virulent NDV isolates continue to circulate among birds other than chickens, and these isolates threaten commercial poultry worldwide.
Nucleotide sequence accession number. Nucleotide sequences for portions of the fusion protein and matrix protein genes from the RT-PCRs were submitted to GenBank as a sense single-strand contiguous sequence for each NDV isolate. The accession numbers assigned to each new isolate (numbers only are given [for full designations, see 
